Background/Aims: The pathogenesis of hepatocellular carcinoma (HCC) is mainly characterized by persistent cycles of liver injury, inflammation, and compensatory hepatocyte proliferation. Angiotensin II (Ang II) behaves as an endogenous pro-inflammatory molecule playing a significant role in HCC, however, the molecular link between Ang II, proliferation and inflammation remains unclear. Methods: Human HCC cell lines (HepG-2, SMMC-7721, MHCC97-H) were incubated with Ang II at the indicated concentrations for 24, 48, 72 h. MTT, BrdU ELISA, plate colony formation assay, immunohistochemistry, ELISA, small-interfering RNA(siRNA) transfection, quantitative real-time PCR and western blot were applied to assess their functional, morphological and molecular mechanisms in HCC cell lines. Results: High expression of Ang II type 1 receptor (AT1) and low expression of AT2 in HCC cells and tissues were found. Next, Ang II could significantly enhance cell growth and proliferation. Albeit Ang II slightly increased the percentage of HCC cells in the G0/G1 phase using flow cytometry analysis, no statistically significant alterations were shown. Further studies suggested that Ang II could directly induce proliferation associated proteins C-myc and proliferating cell nuclear antigen (PCNA) expressions, and inflammatory cytokines tumor necrosis factor-alpha (TNF-α) and C-reactive protein (CRP) productions in HCC cells. Interestingly, blocking AT1 and AT1 siRNA evidently inhibited Ang II-induced cell proliferation and inflammatory responses in HCC cells. More importantly, these effects may be mediated by AT1/PKC/NF-κB signaling pathway in HCC cell lines. Conclusions: The results propose that Ang II/AT1/PKC/NF-κB signaling pathway is necessary for proliferation and inflammation of HCC cells, which increases our understanding of the pathogenesis and provides clues for developing new strategies against Ang II-related progress of HCC.
were fenestrated with 0.3% Triton-100-PBS, and nonspecific binding sites were blocked with 10% goat serum. The cells were incubated with rabbit anti-human antibody C-myc (1:250) and then incubated with the secondary antibody conjugated to fluorescein isothiocyanate (FITC)(1: 400). Immunofluorescence imaging was captured in a Leica TCS SP8 laser confocal scanning microscope (Germany), and fluorescent intensity of C-myc was detected. Data were expressed as relative to control (%).The experiment was performed at least three times independently.
ELISA
Human HCC cell lines (HepG-2, SMMC-7721, MHCC97-H) were seeded into 6-well plates at a density of 5x10 5 cells/well, and then incubated with Ang II at the indicated concentrations for the indicated time. In another experiment, the cells were pretreated with AT1 inhibitor losartan (1 μM) and AT2 inhibitor PD123319 (10 μM) for 1 h and stimulated with Ang II (100 nM) for 48 h. Furthermore, after application of NF-κB inhibitor PDTC (100 μM) for 1 h, cells were stimulated with Ang II (100 nM) for 48 h. TNF-α and CRP levels in the supernatant were measured with ELISA kits according to the manufacturer's instructions. Each assay was done in triplicate.
Small-interfering RNA transfection
As described previously [6] . Cells (1x10 5 ) were seeded into 6-well plates and were grown until 60%-80% confluent. The cells were transiently transfected with 50 nM of AT1 small-interfering RNA (siRNA) or negative control siRNA (NC siRNA) using DharmaFECT 4 transfection reagents according to the manufacturer's instructions. AT1 siRNA sequence were: sense 5′-AUACGUGACUGUAGAAUUG-3′, antisense 5′-CAAUUCUACAGUCACGUAU-3′; NC siRNA sequence were: sense 5′-UAGCGACUAAACACAUCAA-3′, antisense 5′-UAAGGCUAUGAAGAGAUAC-3′. After 48 h, protein expression and mRNA levels of AT1 were detected by western blot, quantitative real time-PCR and RT-PCR. Transfection rates of 60%-70% of the cells were accepted for all the experiments.
NF-κB luciferase reporter assay NF-κB luciferase reporter assays were performed as described previously [21] . Briefly, cells were co-transfected with a NF-κB-luc reporter construct and a renilla luciferase-expressing plasmid (internal control to normalize for transfection efficiency) using Lipofectamine 2000 according to the manufacturer's instructions. After treatment for 48 h, firefly and renilla luciferase activities were tested using a dual luciferase reporter gene assay kit. NF-κB transcriptional activity = (relative light units of firefly luciferase/ relative light units of renilla luciferase)×100. Each assay was done in triplicate.
Quantitative real-time PCR and RT-PCR mRNA levels were determined by our previous method [22] . Total RNA was isolated using a TRIzol Kit (Invitrogen Corp., Carlsbad, CA, USA). cDNA was synthesized from 1 μg samples of total RNA using PrimeScript TM RT Master Mix Kit (Takara, Japan) following the manufacturer's instructions. Real-time polymerase chain reaction (PCR) was performed with the SYBR Premix Ex Taq™ II Perfect Real Time kit (Takara, Japan) on an ABI QPCR System (Applied Biosystems, CA, USA) following the manufacturer's instructions. The samples were run in triplicate. Primers for human C-myc, PCNA, TNF-α, CRP and β-actin were designed with Beacon designer v 4.0 (Premier Biosoft, USA) (see Table 1 for the sequences). Traditional PCR was performed according to the manufacturer's instructions. The RT-PCR products were analyzed by electrophoresis through 2% agarose gels containing ethidium bromide. A melting point dissociation curve generated by the instrument was used to confirm that only a single product was present. Quantization of relative gene expression was calculated by the comparative Ct method (2 -ΔΔCT ) as described by the manufacturer. Data were normalized to human β-actin mRNA levels. Three independent experiments were carried out to study mRNA levels.
Western blot
As described previously [6] , protein samples (25 μg) were separated on sodium dodecyl sulfate polyacrylamide gel electrophoresis gels and transferred onto a polyvinylidene difluoride membrane (BioRad Laboratories, Hercules, CA, United States). The membranes were blocked with 5% nonfat dry milk in Tris-buffered saline containing 0.1% Tween 20, and incubated with specific antibodies against C-myc (1:400) and β-actin (1:1000). The expression of β-actin was used as a loading control. Reagents (Pierce Corp., Rockford, IL, United States) for the enhanced chemiluminescence were applied to the blots, and the light signals were detected by X-ray film. Optical densities of the bands were scanned and quantified with the Syngene Gene Tools (Syngene Corp., Cambridge, United Kingdom). Three independent experiments were carried out to study protein expression.
Immunohistochemistry (IHC) of liver cancer tissues
Specimens of HCC tissues were obtained from 62 HCC patients who underwent hepatic resection at the Second Affiliated Hospital of Xi'an Jiaotong University from January 2010 to January 2016. 8 nonmalignant liver tissue samples from patients who underwent biopsy were utilized. And all of the specimens were subjected to IHC. Prior informed consent was obtained and the study protocol was approved by the Ethics Committee of the Second Affiliated Hospital of Xi'an Jiaotong University. Tissue samples were fixed in 10% formalin for 48 h and embedded with paraffin. 5 μm sections were deparaffinized followed by antigen retrieval using citric acid buffer (pH 6.0, 95 °C for 20 min). Slides were treated with 3% hydrogen peroxide to block endogenous peroxidase activity. After 20 min of blocking in 1% bovine serum albumin (BSA), the slides were incubated overnight at 4 °C with rabbit anti-human AT1 (1:50) and AT2 (1:50) antibodies. Next, the slides were incubated with 2 μg/ml of biotinylated anti-rabbit IgG secondary antibody for 40 min at room temperature. Subsequently, the sections were stained using Standard Ultra-Sensitive ABC Peroxidase Staining kit (Pierce of Thermo Fisher Scientific) and 3,3′-diaminobenzidine, and counterstained by hematoxylin. The bright field images were captured with ZEISS Axio Scan Z1 (Germany). The immunostaining results were independent ly observed and interpreted by two pathologists unaware of clinical data.
Statistical analysis
All data are expressed as mean±SEM. Student's t test or one-or two-way ANOVA test was used to determine the significance among groups. A value of p < 0.05 was considered to be statistically significant.
Results

Expressions of Ang II receptors (AT1 and AT2) in HCC
The presence of AT1 and AT2 in human HCC cell lines (HepG-2, SMMC-7721, MHCC97-H) was detected by RT-PCR and western blot. AT1 mRNA and protein expressions were obviously enhanced (Fig. 1A) , however, AT2 mRNA and protein expressions were minimally detectable in HCC cell lines (Fig. 1B) . Furthermore, human non-cancerous liver tissues and liver cancer tissues with staining to immunohistochemical analysis for AT1 and AT2 were performed. Non-cancerous liver tissues used as controls showed decreased AT1 or AT2 expression, but AT1 or AT2 expression was increased in human liver cancer tissues. In addition, AT1 staining by IHC was increased, but AT2 staining was decreased in human liver cancer tissues, and AT1 and AT2 expression were predominantly cytoplasmic (Fig.1C) . 
Ang II induced cell growth and proliferation in HCC cell lines
To study whether Ang II was related to growth and proliferation of HCC cell lines (HepG-2, SMMC-7721, MHCC97-H), we firstly performed MTT assay. Compared with control, HCC cell lines induced by Ang II showed higher growth in a time and concentration-dependent fashion. And treatment of Ang II in higher concentrations (1000 nM) resulted in a significant enhancement of tumor cell viability at 72 h ( Fig. 2A) . Moreover, to evaluate the effect of Ang II on proliferation of HCC cells, BrdU ELISA assay was performed. Compared with control, HCC cell lines induced by Ang II showed higher proliferation in a time and concentrationdependent manner. And treatment of Ang II in higher concentrations (1000 nM) resulted in a significant increase of tumor cell proliferation at 72 h (Fig. 2B) . We further analyzed the colony formation ability of HCC cell lines induced by Ang II using crystal violet staining. Compared with control, colony number was remarkably increased after the induction of Ang II. And treatment of Ang II in higher concentrations (1000 nM) resulted in a significant 
Ang II-induced C-myc, PCNA, TNF-α ,CRP mRNA and protein expressions in HCC cell lines
We further investigated effects of Ang II on C-myc, PCNA, TNF-α and CRP mRNA and protein expressions in HCC cell lines (HepG-2, SMMC-7721, MHCC97-H). Cells were incubated with different concentrations of Ang II (1, 10, 100 and 1000 nM) for 48 h, C-myc, PCNA, TNF-α and CRP mRNA levels and protein expressions were analyzed by quantitative real-time PCR and western blot. As shown in Fig. 6 , Ang II upregulated C-myc, PCNA, TNF-α and CRP mRNA levels and protein expressions in HCC cells in a concentration-dependent manner.
Ang II-induced cellular proliferation and TNF-α and CRP generations via AT1 in HCC cell lines
The above-mentioned results suggest that Ang II might induce cellular proliferation , TNF-α and CRP generations in HCC cell lines. To assess the role of AT1 and AT2 in the process, we further evaluated effects of the AT1 inhibitor losartan and the AT2 inhibitor PD123319 pretreatment on cellular proliferation, TNF-α and CRP generations in Ang II-induced HCC cell lines. As shown in Fig. 7, 1 μM of losartan remarkably attenuated Ang II-induced cellular proliferation, TNF-α and CRP generations in HCC cell lines, however, 10 μM of PD123319 had no effect. Consequently, these results demonstrated that Ang II induced cellular proliferation , TNF-α and CRP generations via AT1 in HCC cells. activation induced by Ang II in HCC cells with NF-κB-Luc reporter vector. As described in Fig.  9E , treatment of Ang II led to a significant increase of NF-κB luciferase activity in HCC cell lines. CH obviously prohibited NF-κB luciferase activity induced by Ang II in HCC cell lines. The above results indicated that Ang II-induced NF-κB activation was PKC dependent. In combination, Ang II elicited activation of AT1/PKC/NF-κB signaling pathway in HCC cells.
Ang II-induced cellular proliferation, C-myc, PCNA, TNF-α and CRP generations and expressions via NF-κB in HCC cell lines
It is reported that NF-κB signaling is frequently activated in HCC [30, 31] . NF-κB controls the expression of a large number of downstream genes that regulate cell proliferation, survival and inflammatory responses [2, 32] . To clarify whether Ang II-induced cellular proliferation, C-myc, PCNA, TNF-α and CRP generations and expressions are associated with NF-κB activation in HCC cell lines, cells were pretreated with the NF-κB inhibitor PDTC (100 μM) for 1 h and subsequently stimulated with Ang II (100 nM) for 48 h. The results demonstrated that PDTC evidently inhibited cellular proliferation induced by Ang II in HCC cell lines (Fig. 10A ). As shown in Fig. 10 B and 10 C, PDTC markedly inhibited TNF-α and CRP generations induced by Ang II in HCC cell lines, suggesting that Ang II induced TNF-α and CRP productions via NF-κB. The similar results to TNF-α and CRP productions were achieved for C-myc, PCNA, TNF-α and CRP protein expressions (Fig. 10D) . Taken together, these results implied that Ang II induced cellular proliferation, C-myc, PCNA, TNF-α and CRP generations and expressions in HCC cells via NF-κB activation.
Discussion
The pathogenesis of HCC is mainly characterized by persistent cycles of liver injury, inflammation, and compensatory hepatocyte proliferation [2, 33] . During chronic inflamma-tion of the liver, hepatocyte proliferation is activated by local and infiltrated immune cells through paracrine signals involving cytokines, such as TNF-α, IL-6 and IL-1 [34] . There is now substantial evidence that Ang II behaves as an endogenous pro-inflammatory molecule and plays a significant role in HCC. Additionally, our previous findings imply that Ang II induces angiogenic factors production partly via AT1/JAK2/STAT3/SOCS3 signaling pathway in MHCC97H cells, which is involved in the metastasis and progress of HCC [6] . Currently, the molecular link between Ang II, proliferation and inflammation are not fully known, thus our study is beginning to unravel the underlying mechanism in HCC.
Ang II, the key effector in the RAS, acts through two well-defined receptors: AT1 and AT2 [35, 36] . Recent study reported that AT1 expression was associated with enhance angiogenesis and cellular proliferation rate, but no relationship was found with AT2 in breast cancer [8] . Consistent with these results, in the present study, we found increased expression of AT1 and decreased expression of AT2 in HCC cells and tissues. Next, to investigate the major role of Ang II in HCC cells, we selected three different HCC cell lines (HepG-2, SMMC-7721 and MHCC97-H) and carefully evaluated the direct effect of Ang II on proliferation and inflammation of these cells. We demonstrated that Ang II could significantly enhance cell growth and proliferation using MTT, BrdU ELISA and plate colony formation assay. Albeit Ang II slightly increased the percentage of HCC cells in the G0/G1 phase using flow cytometry analysis, no statistically significant alterations were shown. Further studies suggested that Ang II could directly induce expressions of proliferation associated proteins (C-myc and PCNA), and productions of inflammatory cytokines (TNF-α and CRP) in HCC cell lines. Interestingly, blocking AT1 and AT1 siRNA evidently inhibited Ang II-induced cell proliferation and inflammatory responses in HCC cell lines. More importantly, these effects may be mediated by AT1/PKC/NF-κB signaling pathway in HCC cell lines.
C-myc is a basic helix-loop-helix leucine zipper (HLH-ZIP) transcription factor [37] .
Overexpression of C-myc promotes oncogenic transformation and tumorigenesis by activating the transcription of target genes that drive cell proliferation and stimulate angiogenesis and repress cell differentiation [38] . C-myc is also considered to be oncogene and frequently overexpressed in HCC [39] [40] [41] . Our present results revealed that Ang II enhanced C-myc immunofluorescent expression in HCC cell lines and the expression was predominantly cell nucleus. Further studies showed that Ang II upregulated C-myc mRNA and protein expressions in HCC cell lines. PCNA is a nuclear antigen expressed in proliferating cells in all stages of the cell cycle except stage G0 and serves as a marker for proliferation. Other study has proved that PCNA strong positive staining is seen in the nucleus in HCC [42] . In the present study, Ang II remarkably increased PCNA mRNA and protein expressions in HCC cell lines. And co-expression patterns such as high C-myc with high PCNA expression are closely related to cell proliferation, finally resulting in the increased risk of HCC progression. Thus, aside from the direct effects of Ang II on inducing cell growth and proliferation in HCC cell lines, Ang II could enhance proliferation of HCC cell lines by targeting proliferation associated proteins C-myc and PCNA. During diethylnitrosamine-induced HCC, a variety of pro-inflammatory cytokines have been identified to drive a select group of hepatocytes to undergo compensatory proliferation to induce hepatocarcinogenesis [43] . Among them, TNF-α is likely to play a central role in tumorigenesis, as it has been reported that mice deficient with TNF-α is protected from the cancer development [44, 45] . Furthermore, CRP is considered to play a major role in cancer development [28, 29] . Our study demonstrated that Ang II could directly induce inflammatory cytokines TNF-α and CRP productions in HCC cell lines. Therefore, we could not exclude the possibility that persistently higher levels of TNF-α and CRP induced by Ang II are considered to help maintain a favorable microenvironment to accelerate HCC progression. In addition, TNF-α and CRP are likely to further stimulate expressions of the cancer related inflammatory genes in the HCC cell lines.
Based on results above, we further assessed whether Ang II could promote proliferation and inflammation of HCC cell lines through the activation of AT1. Firstly, our present results revealed increased expression of AT1 and decreased expression of AT2 in HCC cells and tissues by RT-PCR, Western Blot and IHC analysis, which is consistent with previous studies [36, 46] . Next, blocking AT1 and AT1 siRNA significantly inhibited Ang II-induced cell proliferation and inflammatory responses in HCC cell lines, thus we could draw the conclusion that Ang II might be an important factor in proliferation and inflammation of HCC via the activation of AT1. To further evaluate downstream effectors of AT1, HCC cells were transiently transfected with AT1 siRNA and subsequently stimulated with Ang II, PKC protein expression was remarkably reduced, which suggested that PKC expression is regulated by Ang II through AT1. Accordingly, Ang II can activate AT1, which in turn activates PKC signaling. PKC is a serine/threonine kinase that plays a key role in several steps of the signal transduction pathway, including cell proliferation, migration, and invasion of HCC [47, 48] . It has also been demonstrated that inhibition of PKC activity reduces motility and invasion properties of HCC cells [49] . It is tempting to speculate that NF-κB may serve as the down-stream target of PKC signaling pathway. NF-κB is found in almost all cell types and can be activated by proinflammatory cytokines and endotoxins, and then translocated to the nucleus to regulate inducible gene expression [50, 51] . Constitutive NF-κB activation not only correlates closely with inflammatory responses, but also is generally associated with cancer proliferation, survival and progression of HCC [52, 53] . In this study, Ang II-induced NF-κB expression and activation was significantly suppressed by the PKC inhibitor CH, providing the proof that PKC is a critical component for Ang II-dependent NF-κB activation in HCC cells. This conclusion is supported by the findings of previous studies, which PKC plays a key role in mediating the NF-κB signaling pathway [54] [55] . Finally, the NF-κB inhibitor PDTC diminished Ang II-mediated productions and expressions of C-myc, PCNA, TNF-α and CRP in HCC cell lines. It seems reasonable to conclude that NF-κB translocates into the nucleus inducing downstream gene targets including the pro-inflammatory cytokines TNF-α and CRP, thus activation of NF-κB ultimately results in enhanced proliferation of HCC cells.
In conclusion, our data propose that AT1/PKC/NF-κB signaling pathway is necessary for Ang II-induced proliferation and inflammation in HCC cell lines (Fig. 11) , which increases our understanding of the pathogenesis and provides clues for developing new strategies against Ang II-related progress of HCC, thus identifying Ang II and AT1 as potential therapeutic targets for the treatment of HCC.
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